Abstract. Direct numerical simulation is a very powerful tool to evaluate the validity of new models and theories for turbulent combustion. In this paper, direct numerical simulations of spherically expanding premixed turbulent flames in the thin reaction zone regime and in the broken reaction zone regime are performed. The flamelet-generated manifold method is used in order to deal with detailed reaction kinetics. The computational results are analyzed by using an extended flame stretch theory. It is investigated whether this theory is able to describe the influence of flame stretch and curvature on the local burning velocity of the flame. It is found that if the full profiles of flame stretch and curvature through the flame front are included in the theory, the local mass burning rate is well predicted. The influence of several approximations, which are used in other existing theories, is studied. When flame stretch is assumed constant through the flame front or when curvature of the flame front is neglected, the theory fails to predict the local mass burning rate. The influence of using a reduced chemistry model is investigated by comparing flamelet simulations with reduced and detailed chemistry.
Introduction
The development of accurate and efficient models for turbulent premixed combustion is one of the most challenging tasks facing the combustion community today. A major part of the current activities is based on the laminar flamelet concept, in which the idea is used that the chemical time scales in the flame are generally much smaller than the time scales in the turbulent flow. This idea leads to the introduction of a flame front as a thin layer propagating through the surrounding flow field, while the turbulent eddies are larger than the flame thickness. A classification of the different available models for premixed turbulent combustion has been presented recently by Peters [1] . Early contributions are due to Damköhler [2] and Spalding [3] . A well-known model has been developed over the years by Bray, Moss and Libby [4] and is based on the assumption that the flame front is infinitely thin. Other interesting and promising models are the coherent flame model [5, 6] and the G-equation model [1] .
One of the most important ingredients of all flamelet models is the description of the influence of flame stretch and curvature on the behavior of the flame. Flame stretch and curvature effects on the one hand are responsible for the creation and destruction of flame surface area [5] and flame wrinkling [1] . On the other hand, it is well known that flame stretch and curvature have an important influence on the local mass burning rate of the thin instantaneous flame front. There are several ways to take this influence into account, e.g. by using models derived from direct numerical simulation (DNS) data, measurement data or data arising from asymptotic theories. In case of the G-equation, the weak-stretch limiting behavior found in asymptotic methods is used [1] . It is doubtful, however, whether the weak-stretch theories available today can be used for the highly stretched turbulent flames in the corrugated flamelet and thin reaction zones combustion regimes.
De Goey and Ten Thije Boonkkamp [7] , however, introduced a new extended flame stretch theory recently. It is the aim of this study to evaluate whether this theory and simplified versions of it, including the asymptotic versions, are able to describe the influence of flame stretch and curvature on the local burning velocity in a highly turbulent flame. In a previous paper [8], we studied spherically expanding flames in the corrugated flamelet regime of the premixed combustion diagram [1] . For these flames the theory described the effect of flame stretch and curvature on the local burning velocity very well. The present study is carried out using DNS of spherically expanding premixed turbulent flames in the thin reaction zone and the broken reaction zone regime. In these regimes, the turbulence levels are so high that the internal structure of the flame front is distorted. Furthermore, the flame stretch theory is tested severely due to the high local stretch rates.
DNS is a very powerful tool today to test the validity of new models and theories and it has been very helpful in the evaluation of the different models mentioned earlier (see e.g. [9] [10] [11] [12] ). The current study focusses on the influence of local flame stretch and curvature fields on the local mass burning rate, for which a consistent picture is still missing today (see e.g. [13] ). The disadvantage of using three-dimensional (3D) DNS is that the application of detailed chemical kinetic mechanisms is still limited. For this reason, we use the recently developed chemical reduction technique, referred to as the Flamelet Generated Manifold (FGM) method, to model the chemistry in the flame [14] . The influence of the FGM method on the results is investigated by comparing flamelet computations using reduced chemistry and the full reaction mechanism. To be able to focus on the direct effects of stretch and curvature and to avoid that the results are obscured by related effects due to preferential diffusion, we restrict the analysis to unity Lewis numbers in this study. For this special case, the local mass burning rate is only changed due to flame stretch and not due to the combined effect of flame stretch and preferential diffusion. Although the flame stretch theory includes the latter effect, the unity Lewis number assumption makes it easier to apply the flame stretch theory and to understand the results. However, we realize that the coupling of stretch and curvature with non-unity Lewis number transport processes is an important issue in
